To design and discover new antimicrobial peptides (AMPs) with high levels of antimicrobial activity, a number of machinelearning methods and prediction methods have been developed. Here, we present a new prediction method that can identify novel AMPs that are highly similar in sequence to known peptides but offer improved antimicrobial activity along with lower host cytotoxicity. Using previously generated AMP amino acid substitution data, we developed an amino acid activity contribution matrix that contained an activity contribution value for each amino acid in each position of the model peptide. A series of AMPs were designed with this method. After evaluating the antimicrobial activities of these novel AMPs against both Gram-positive and Gram-negative bacterial strains, DP7 was chosen for further analysis. Compared to the parent peptide HH2, this novel AMP showed broad-spectrum, improved antimicrobial activity, and in a cytotoxicity assay it showed lower toxicity against human cells. The in vivo antimicrobial activity of DP7 was tested in a Staphylococcus aureus infection murine model. When inoculated and treated via intraperitoneal injection, DP7 reduced the bacterial load in the peritoneal lavage solution. Electron microscope imaging and the results indicated disruption of the S. aureus outer membrane by DP7. Our new prediction method can therefore be employed to identify AMPs possessing minor amino acid differences with improved antimicrobial activities, potentially increasing the therapeutic agents available to combat multidrug-resistant infections.
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A ntimicrobial peptides (AMPs) are produced by multicellular organisms to defend against microbial infections. Along with potent antimicrobial activity, many AMPs also have the ability to enhance immunity by functioning as immunomodulators (1) (2) (3) . AMPs therefore have excellent therapeutic potential, especially in light of increased drug resistance to many conventional antibiotic therapies. A number of naturally occurring peptides and synthetic derivatives have been developed or are currently in development (2, (4) (5) (6) . Although AMPs vary in length, amino acid composition, and structure, they share some similarities, such as electrical charge and amphipathicity (3, 7) . To determine the characteristics that are important in antimicrobial activity, bioinformatic tools and prediction methods have been developed (8) , all based to some extent on the sequence similarities between peptides (9-11).
To optimize the antimicrobial activity of identified AMPs and to predict novel peptide sequences, we present a machine-learning method based on the concept of an antimicrobial activity contribution score for each amino acid. Here, we consider that each amino acid in a peptide sequence possesses a different level of importance for the biological activity of that peptide, and this is represented by an assigned score. By calculation of each amino acid's contribution score, we can predict the antimicrobial activity of an AMP.
To verify our results, we tested some of our designed AMPs in an antimicrobial assay with a range of bacterial strains. One of these peptides, DP7, was selected for further testing. The cytotoxicity of DP7 against HEK 293 and human epithelial fibroblasts and cells was evaluated, and experiments using a Staphylococcus aureus-infected mouse model were also performed to evaluate a suitable method of AMP administration. To investigate the antimicrobial mechanism employed by this peptide, we used transmission electron microscopy (TEM) and scanning electron microscopy (SEM) to elucidate the effect of DP7 on S. aureus in vitro.
MATERIALS AND METHODS
Data sources and preparation. Twelve-mer peptide substitution data were obtained from the published literature (12, 13) . Nine-mer peptide sequences and activities were obtained from the patent WO 2008/ 022444 application. The relative 50% effective concentration values for peptide Bac034 substitution data were calibrated to the proxy 50% inhibitory concentration value. Before contribution score calculations were determined, the logarithms of the values were calculated to standardize activity.
Calculation of the antimicrobial activity contribution score of each amino acid. To determine the contribution of each amino acid to the antimicrobial activity of the peptide, we developed the following equation: C ϭ ͚jϭ1 n ͑a j AA ij ͒, where C is the standardized activity of an antimicrobial peptide, n is the length of the antimicrobial peptide, AA is the antimicrobial activity contribution score of an amino acid, i represents the type of amino acid, j represents the position of the amino acid within the peptide sequence, and a is a constant that is assigned a value of 1 when this position is occupied with an amino acid and a value of 0 when this position is unoccupied.
Amino acid antimicrobial activity contribution score matrix. The data for one peptide can be applied to the above-mentioned equation. We regard all these equations as one equation of the matrix. To the right of the equation would be the matrix containing the amino acid matrix which comprises the AA ij of each antimicrobial peptide. To the left of the equation would be the matrix containing the standardized antimicrobial activity of the antimicrobial peptide in the left matrix. To solve equations, MATLAB (version 7.12.0, R2011a) was used. After calculation, the results were further transformed into a matrix, designated the amino acid antimicrobial activity contribution score matrix, in which the row indicated the position in the whole peptide and the column indicated the amino acid type.
Prediction method. From the sequence data, 10 to 20% of the sequences were selected by random sampling as the testing set, and the rest of the sequences were used as the training set to build the amino acid contribution score matrix. The score matrix equation presented above was used to predict the activities of novel AMPs, with a higher score corresponding to higher activity. Short peptides were considered subsequences of the longer peptides, and their scores were calculated in every possible sub-sequence position. The sub-sequence with the highest score was then selected as the most probable sub-sequence.
Experimental materials. To determine the MICs of the newly generated antimicrobial peptides, bacterial strains of Pseudomonas aeruginosa (PAO1), S. aureus (ATCC 25923 and ATCC 33591), and Escherichia coli (ATCC 25922) were purchased from the American Type Culture Collection (Rockville, MD). Salmonella enterica serovar Typhi strains were obtained from Xiang and colleagues (14) . Clinical isolates were obtained from the Burn Unit, Southwest Hospital of China (Sichuan, China). The antibiotic linezolid (research compound; Airsea Pharmaceutical, Ltd., Taizhou, China), methanesulfonic acid levofloxacin injection (Resources Double-crane Pharmaceutical Co., Ltd., Beijing, China), and gentamicin sulfate injection (Hubei Pharmaceutical Co., Ltd., Hubei, China) were used as positive controls. Mueller-Hinton broth (MHB) and MuellerHinton agar (MHA), used to culture bacteria, were purchased from Qingdao Hope Bio-Technology Co., Ltd. (Shandong, China).
Peptide synthesis. Peptides were synthesized by using fluorenylmethyloxycarbonyl (Fmoc) chemistry at Shanghai Science Peptide Biological Technology Co., Ltd. (Shanghai, China). Synthesized peptides were purified by high-performance liquid chromatography to 95% purity, and their molecular weights were confirmed by mass spectrometry. The peptide concentration was estimated from the weighed sample, and the peptide was resuspended in water or phosphate-buffered saline (PBS) to a concentration of 10 mg/ml and stored at Ϫ20°C.
Antimicrobial activity assay. The antimicrobial activity assay was performed according to the National Committee for Clinical Laboratory Standards M7-A7 method. In general, the peptide was serially diluted in MHB and 50 l of each concentration was added to replicate wells of a 96-well flat-bottom tissue culture plate. Bacteria, grown on MHA for 20 h, were diluted to ϳ1 ϫ 10 7 CFU ml Ϫ1 in MHB. Then, 50-l aliquots of these bacterial suspensions were added in triplicate to wells containing antimicrobial peptide. The final peptide concentrations were in the range of 128 to 0.125 mg/liter. The solutions were then incubated at 37°C for 20 h, and their absorbances at 630 nm were measured using a microplate reader (Multiskan MK3; Thermo). The lowest concentration that showed 80% growth inhibition relative to the growth control determined the MIC.
Hemolysis assay. Human erythrocytes collected from blood samples of healthy humans were harvested by centrifugation for 10 min at 2,000 rpm (400 ϫ g) and washed three times in PBS (8.5 g NaCl, 2.2 g Na 2 HPO 4 , 0.4 g NaH 2 PO 4 , in 1 liter of solution; pH 7.4). A 20% (vol/vol) suspension of human erythrocytes in PBS was then stored at 4°C. When needed, the suspension was diluted 1:20 in PBS and 100 l was added in triplicate to 100 l of a 2-fold serial dilution series of peptide in a 96-well plate. Total hemolysis was achieved with 1% Tween 20. The plates were incubated at 37°C for 1 h and centrifuged for 10 min at 3,000 rpm (900 ϫ g). Then, 160 l of the supernatant was transferred to a new 96-well plate to measure the absorbance at 405 nm by using a microplate reader (Multiskan MK3; Thermo), and the percent hemolysis was calculated.
In vitro cytotoxicity assay. HEK 293 cells (human embryo kidney cells; ATCC CRL-1573) and human epithelial fibroblasts (primary culture from human skin) were cultured in a complete medium (Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum) in a humidified atmosphere of 5% CO 2 at 37°C. Trypsin-EDTA (0.05%) was used to detach cells in subcultures. Cells were seeded onto 96-well plates at a density of 5,000 cells/well in 0.1 ml of complete medium. After 20 h of incubation, cells were treated with serially diluted peptide (final concentrations in the range of 20 to 640 mg/liter) and incubated for another 24 h. Various shades of orange, which represented the amount of living cells, were measured with the CCK-8 cell counting kit (Yeasen, Shanghai, China), and the absorbance at 450 nm was measured with a microplate reader (Multiskan MK3; Thermo) to calculate the cell viability.
Electron microscopy. The morphology of S. aureus cells incubated with DP7 (1ϫ MIC) for 0, 10, 30, and 60 min was visualized by SEM (JSM-7500F; FEI). The morphology of S. aureus (ATCC 25923) cells incubated with DP7 (1/4ϫ MIC, 1/2ϫ MIC, and 1ϫ MIC) for 1 h was analyzed by TEM (Tecnai G2 F20 S-Twin; FEI). In general, 1 ϫ 10 8 midlogarithmic-phase S. aureus cells were treated with peptide, and a nopeptide control was included. After incubation, bacteria were pelleted by centrifugation at 3,000 rpm (900 ϫ g) for 10 min, followed by washing twice with 1 M PBS. Cells were then fixed with 2.5% glutaraldehyde-PBS solution at Ϫ4°C for 4 h. For SEM, the bacteria were further treated with 0, 20, 50, 80, and 100% ethyl alcohol for 20 min and centrifuged at 13,000 rpm (17,000 ϫ g) for 10 min for dehydration. The bacterial pellet was resuspended in 100% ethyl alcohol and air dried. The prepared bacterial samples were sent to the Center of Forecasting and Analysis of Sichuan University (Sichuan, China) for imaging.
Animal models. Male BALB/c mice, 6 to 8 weeks old, purchased from Chengdu Dossy Experimental Animals Co., Ltd. (Sichuan, China), were maintained and experiments were performed according to protocols approved by the Ethics Review Committee for Animal Experimentation of Sichuan University. Before infection, S. aureus (methicillin-resistant S. aureus; ATCC 33591) was incubated in MHB overnight and washed with normal saline three times (3,600 rpm for 5 min) before being resuspended to 1 ϫ 10 7 CFU/ml in normal saline. Mice were then infected with 1 ml bacterial suspension by intraperitoneal (i.p.) injection. After 1 h, drugs diluted to the indicated concentrations with normal saline were inoculated through the indicated delivery route. After 20 h, 20-l aliquots of serial dilutions of the peritoneal lavage fluid from individual mice were plated onto MHA. The plates were incubated overnight at 37°C, and bacterial colonies were enumerated by using an automatic color colony counter (Scan 500; Interscience).
Statistical analysis. The significant difference method was used to determine whether statistically significant differences occurred among the mean values obtained. Data were analyzed with the Student t test using software SPSS 15.0. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Prediction method and construction of prediction model. Because the peptide sequences of the training set did not always contain the same kinds of amino acids in the same positions, we determined that the electrical charge and amphipathicity of the amino acids were the most important factors influencing the activity of the AMPs. Amino acids exhibiting a similar charge or hydrophobicity were therefore merged as one parameter.
From the sequence data, we obtained 180 9-mer peptides and 424 12-mer peptides. With these peptides and their activity data, we trained and evaluated the machine-learning prediction model to build a relatively full score matrix (Fig. 1) . When some of the amino acids were merged according to hydrophobicity, it was clear that the features of the contribution score matrix (Fig. 1 , top right matrix) were mainly maintained, showing good prediction accuracy (P Ͼ 0.05) (Fig. 2, left graph) . However, when a different group of peptides were predicted using the 9-mer AMPs for comparison, the prediction accuracy was lower (Fig. 2, middle graph) .
To further assess the prediction ability of our method with more general sequence data, the 9-mer AMP sequences were used. These peptide sequences shared similar amino acid compositions, but unlike the 12-mer AMPs, they varied greatly in sequence. From these data, we obtained a contribution score matrix that exhibited good prediction performance, which differed from that obtained with the 12-mer AMPs (Fig. 1, bottom left matrix) . No statistical difference was observed when some of the amino acids were merged (P Ͼ 0.05) (Fig. 2, right) .
For the model sequence, AMP HH2 (3=-SQLRIRVAVIRA-NH 2 ) was selected. This sequence shares the same ancestor as the other sequences used in this study, it has relatively improved activity, and it has been employed previously as an adjuvant (15, 16) . We replaced two or three amino acids to produce new peptides the peptide, and the first column gives the amino acid species. Shown are contribution score matrices generated by the same training data of 12-mer peptides and 9-mer peptides; for the matrices on the right we used the amino acids merging method (the merged amino acids are also listed in the first column).
FIG 2
Prediction accuracy based on the antimicrobial activity contribution scores of the amino acids. The x coordinate is the predicted score for the peptides, and the y coordinate is the score for the activity of the original peptide. The liner regression trend lines of the scores generated from the contribution score matrix for all amino acids (A score) and the merged contribution score matrix for some of the amino acids (M score) are labeled A liner and M liner, respectively. The left and middle graphs show the predicted results for the 12-mer peptide testing set and the 9-mer peptides from the model built with 12-mer peptides, respectively; the graph on the right shows the predicted result of the 9-mer peptide testing set from the model built with 9-mer peptides.
which were then subjected to activity predictions in an established 12-mer peptide prediction model. Peptides that scored highly and exhibited an appropriate isoelectric point were selected for further testing.
Peptide antimicrobial activities in vitro. Ten AMPs, selected from the class of novel peptides with the highest predicted scores, were used in an antimicrobial activity assay to test their activity against four bacterial strains ( Table 1) . Most of the peptides showed good antimicrobial activity, even with a MIC of 16 mg/ liter (DP3, DP5, DP7, DP8, and DP11).
To further test the four peptides that exhibited the highest antimicrobial effect (DP3, DP5, DP7, and DP8), the antimicrobial assay was repeated using 39 clinically isolated, antibiotic-resistant strains. These strains included nine S. aureus isolates, nine Escherichia coli isolates, 10 Acinetobacter baumannii isolates, and 11 P. aeruginosa isolates. Relative to the control peptide HH2, all of the selected novel AMPs showed increased antimicrobial activity against P. aeruginosa, S. aureus, and A. baumannii while displaying activities against E. coli isolates comparable to that of HH2 (Table 2) .
Peptide cytotoxicity against human cells. Among the novel AMPs, DP7 was determined to be the most effective antimicrobial peptide. Next, the cytotoxicities of DP7 and HH2 against human cells were tested. Although they differ by two amino acids, no significant difference was observed between DP7 and HH2 in their secondary structural composition, both being mostly random coils, as measured by circular dichroism (see Fig. S1 in the supplemental material). However, DP7 was less hemolytic to human blood than HH2 (50% hemolytic concentration, Ͼ1,280 mg/liter for DP7, versus 415 mg/liter for HH2) (Fig. 3, left graph) , indicating that DP7 is less cytotoxic and therefore safer than HH2 with regard to human erythrocytes. Then, the cytotoxicities of DP7 and HH2 to HEK 293 cells and human epithelial fibroblast cells were assessed. Viability remained at the same level when cells were treated with DP7 or HH2 when the peptide concentration was lower than 80 mg/liter, but DP7 had lower cytotoxicity than HH2 at higher peptide concentrations (Fig. 3, middle and right graphs) . The viability of both cell types after treatment with 20 mg/liter DP7 was about 90% (MIC, 16 mg/liter).
DP7 antimicrobial activity in vivo.
To assess the antimicrobial effect of DP7 in vivo, a murine model for infection with S. aureus through i.p. injection was employed. DP7 was administered either locally by i.p. injection or at distant sites by intramuscular (i.m.), subcutaneous (s.c.), or intravenous (i.v.) injection (at a concentration of 20 mg/kg of body weight), 1 h after bacterial challenge. DP7 had almost no effect on bacterial counts via the i.p., i.m., or s.c. therapeutic routes (Fig. 4a) . However, toxicity was severe when DP7 was administered through i.v. injection, with only two mice (out of six) surviving. The anatomical evidence showed that the liver was hyperemic. DP7 administered through s.c. injection also led to hemorrhaging at the injection site, while no health problems were observed with the other therapeutic routes (data not shown). Different concentrations of DP7 (from 20 to 60 mg/kg) were administered by i.p. to identify an effective dosage, equal doses of HH2 were used as a control, and 20 mg/kg of vancomycin was used as a positive control. DP7 showed a more positive therapeutic effect than HH2 in vivo, and a 60-mg/kg dose of DP7 showed a similar effect as 20 mg/kg of vancomycin (Fig.  4b) . As a result, we evaluated the route of administration and found that DP7 injected via the i.m. and i.p. routes resulted in no detectable health problems and that DP7 injected via the i.p. route could effectively reduce the CFU count in the S. aureus-infected mouse model.
Mechanism behind the DP7 antimicrobial effect on S. aureus. With their amphiphilic properties, AMPs can easily insert into the membranes of bacteria, and this is their main antimicrobial mechanism. To elucidate how the novel peptides tested in this study affect the outer layers of bacteria, we examined the morphological changes that occur in S. aureus as a result of treatment with DP7 under various conditions. S. aureus cells were treated with different concentrations of DP7 for 1 h and then visualized by SEM. Small surface protuberances occurred on the cells treated with 1/4ϫ MIC of DP7, and these were caused by the attachment and insertion of peptides into the outer layer. When treated with 1/2ϫ MIC, the cells displayed wrinkled surfaces, with many cracks appearing as the concentration increased to 1ϫ MIC, indicating that the outer layer of the S. aureus cells was totally disrupted (Fig.  5a ). The damaging effect of DP7 on S. aureus was also observed by TEM imaging. Different incubation times, with a range of 10 min to 1 h, were tested, and although no blebs were observed, the disruption of the outer membranes and the disturbance of the inner membranes were obvious (Fig. 5b) . Furthermore, membrane formation of dividing cells was affected by peptides protruding from the cells (Fig. 5c ). Taken together, these results indicate that the mechanism of DP7 killing is distinct from that of most cationic peptides, which usually influence membrane permeability or even form holes in the membrane and seriously disrupt cell morphology (17, 18) . There has been a previous report of disruption of the cytomembrane by a defensin protein (19) ; in this case, the outer membrane was disrupted and the peptidoglycan layer and cytomembrane became wrinkled, but no cell dissociation occurred. In our study, the wrinkled surface observed with SEM was the exposed peptidoglycan layer, which maintained the cell shape but possessed a few cracks with DP7 at a concentration of 1ϫ MIC. To determine whether DP7 can change membrane permeability, leading to the release of DNA or protein into the cytoplasm, the levels of extracellular DNA and protein were measured after incubation of S. aureus with DP7 or HH2 for up to 90 min. However, no changes in their concentrations were observed when the incubation time was increased (see Fig. S2 in the supplemental material), which indicated that no protein or DNA was released from the cytoplasm. Our study therefore provided evidence that DP7 can induce bacterial suppression by disrupting the outer membrane without affecting the permeability of the S. aureus cytomembrane. 
DISCUSSION
The design and discovery of effective AMPs play important roles in responding to the demand for novel efficient antimicrobial therapies. In this study, using the amino acid-based prediction method, we constructed a model to predict AMP activity with high accuracy. Our model offers various advantages over currently existing models for peptide predictions. First, in contrast to other peptide prediction methods (such as quantitative structureactivity relationships, artificial neural networks, and Hidden Markov models) that focus on the identification of common features between peptides, with the relevance of these features not always being completely apparent (10, (20) (21) (22) , our method is based on the clear principle that each type of amino acid possesses a different level of importance with respect to peptide activity. Second, our method is easy to perform and quicker than other peptide prediction methods. Third, in other models peptide data from databases that vary both in length and sequence composition are invariably used to train these prediction models. Although the accuracy of predicting AMPs from diverse sequences can be improved, a strategy that considers peptides from different categories with distinct antimicrobial mechanisms would appear less likely to succeed. Our study focused on changing only a few of amino acids from the model peptide to improve antimicrobial activity, allowing for comparisons between peptides with just one amino acid difference.
In this study, we developed AMP HH2 by using our method and enhanced both the antimicrobial effect and pathogen specificity by changing just two amino acids. In an antimicrobial activity assay, we found that most of our designed peptides possessed higher antimicrobial activities than the model peptide. In particular, DP7 showed the strongest antimicrobial activity to both standard microbial strains and isolated antibiotic-resistant strains, while displaying lower cytotoxicity to human erythrocytes, HEK 293 cells, and human epithelial fibroblast cells. Unlike most AMPs, which form pores in the cytoplasmic membrane that lead to cell lysis or leakage of the cytoplasm (19, 23, 24) , Bac2A has been reported to kill S. aureus without cell lysis, but cross-wall formation was affected (25) . As a derivative of Bac2A, DP7 is also a liner peptide (26) (27) (28) , but it appears to operate via a distinct mechanism (Fig. 6 ). Outer membrane formation in the cytoplasm was found to be suppressed, and DP7 severely disrupted the outer membrane and disturbed the inner membranes of S. aureus. DP7 administered via i.p. injection reduced bacterial load in an S. aureus-infected mouse model, and host cytotoxicity levels were acceptable. The synergistic action of AMPs with other AMPs or antibiotics can reduce the need for high dosages or minimize side effects, both of which are beneficial attributes for therapeutic strategies to fight multidrug-resistant bacteria (29) (30) (31) . The novel AMPs developed in this study were derived from Bac2A and suppress bacterial growth via an outer membrane disruption mechanism. This finding could potentially be applied to enhance the antimicrobial ac- tivities of AMPs with different sequences or structures (31) , and our novel AMPs may show some synergistic effects with antibiotics that display alternative antimicrobial mechanisms. Such issues will be investigated in future studies.
In summary, our study provides a new method for AMP design and prediction. Peptides generated by our method were found to possess effective antibacterial functions both in vitro and in vivo. In addition, our findings provide insight into the antimicrobial mechanism of the AMP DP7, which may have important implications for future studies into the development and application of novel antimicrobial therapies.
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